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MSFC CENTER DIRECTOR’S DISCRETIONARY FUND 
(Project Numbers 81-12 and 82-8) 


The New MSFC Solar Vector Magnetograph 

M. J. Hagyard (PI, 81-12) 

E. A. West (PI, 82-8) 

N. P. Cumings (Project Manager) 


Summary Objective: The objective of these programs was to develop new and 

innovative techniques in polarimetry and signal detection 
utilizing state-of-the-art technology. This objective 
arose from the need to observe the Sun's vector magnetic 
fields with enhanced sensitivity and temporal response, 
thereby allowing weaker fields outside active regions 
and rapid evolution everywhere to be measured. These 
capabilities enhance our continued research in solar 
vector magnetic fields and our support of NASA's solar 
mi ssions. 


1. Introduction 

The ability to adequately characterize the Sun's vector magnetic field 
is essential to understand the various solar phenomena which intrigue the 
solar astronomer and which directly or indirectly affect our terrestrial 
environment. The vector magnetic field is an integral part of magneto- 
hydrodynamic models of coronal transients, prominences, coronal holes, and 
sunspots. The magnetic field is invoked as a fundamental aspect of 
prevalent solar flare theories, for pre- flare energy build-up, as the energy 
storage medium, and as it allows and affects the eruptive, often impulsive, 
release of this energy in flares. A great deal of what we know about solar 
magnetism, its sub-photospheric origins, its role in the solar cycle, and 
thus its influence on solar- terrestrial relations, comes from observations 
of the magnetic field with solar magnetographs. The MSFC magnetograph has 
been unique among such instruments since it is a "vector" system, measuring 
all thr ee components of the magnetic vector; now there are three such 
systems operating occasional lyTround tbe~worlT, but~the MSFC instrument ~~ 
observes most frequently and is the only operational vector magnetograph in 
the continental United States. This small number of vector magnetographs is 
a direct consequence of the difficulties encountered in designing a system 
to measure all three components of the magnetic vector. With the MSFC 
system we successfully overcame these difficulties through the application 
of novel polarimetric techniques and detector technology, thereby achieving 
sensitive detection of weak polarization signals and allowing the derivation 
of the magnetic vector from a polarimetric analysis of solar radiation. 

This analysis is based on the Zeeman effect which causes a spectral line 
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formed in the presence of a magnetic field to be split into several com- 
ponents, each with a characteristic state of linear or circular polariza- 
tion. Thus, the aggregate spectral line emitted by a solar plasma permeated 
by a uniform magnetic field has spectral distributions of intensity with 
well-defined polarization properties; through careful analysis of these 
polarized intensities, the orientation and strength of the magnetic field 
can be obtained. 

The MSFC vector magnetograph system began as a joint effort between the 
Naval Research Laboratory and MSFC with the objective of building and 
operating a ground-based instrument at MSFC to measure vector magnetic 
fields in active regions on the Sun. Measurements of vector magnetic fields 
have been made with this system since 1976. During the period of operations 
of the Solar Maximum Mission (SMM) satellite (February-November 1980), the 
magnetograph was operated on a daily basis to acquire magnetic field data 
for later collaborative investigations with SMM experimenters, in parti- 
cular, those associated with the Ultraviolet Spectrometer and Polarimeter 
experiment onboard the satellite. As a result of this collaborative 
data-collection effort, vector magnetic field measurements were available 
for the analysis of SMM data and have been widely used in SMM-related 
publications. Upon termination of SMM observations in late 1980, two 
Discretionary Fund projects were initiated to modify the original 
magnetograph with the goal of improving its sensitivity and temporal 
response. 

The need for these improvements came from the realization that, 
although a great deal of unique research resulted from the observational 
data acquired with the original system (see attached bibliography), the 
system's limited sensitivity and slow cycle time prevented our investigation 
of solar phenomena associated with magnetic fields either too weak or 
evolving too rapidly to be detected. By increasing the system's sensi- 
tivity, measurements of the weaker fields outside sunspots in active regions 
could be made, providing important information on the vector nature of 
emerging fields as active regions develop, and on the process of flux 
removal when sunspots decay and disappear. Increased sensitivity might also 
permit detection of transverse magnetic fields in the supergranul ar network 
outside active reqions; this would provide solar physicists further insight 
into this network structure and its implications for models of the solar 
dynamo. Shorter time response coupled with increased sensitivity is 
necessary if we are to detect in the vector magnetic field the photospheric 
signatures of transient changes in electric currents flowing in the solar 
chromosphere and transition region. These transitory currents have been 
proposed as the heating source for the transient brightenings seen in uv 
observations from SMM. Increased temporal response and sensitivity are also 
essential for investigations of rapid and/or subtle magnetic field changes 
in solar flares, whether transient or permanent in nature. Observations of 
transient (<100s) changes indicate they occur mainly in the transverse 
field component and are thus undetected by conventional, 1 i ne-of-sight 
magnetograph observations when the flares erupt in active regions near the 
center of the solar disk[lJ • 

From these and similar considerations, it became clear that a 
significant enhancement of our research program would accrue from an 
upgrading of the original magnetograph. That system, described in [2], 



3 


consisted of the telescope, polarizing optics, filter and vidicon detector 
shown in Fig. 1. The telescope, an f/13, 30 cm-diameter Cassegrainian 
system, focuses a 3.5 cm image of the Sun on a mirrored aperture stop which 
limits the field-of-view of the transmitted image to 5. 7x5. 7 arc minutes; 
the unused portion of the image is reflected out of the optical path of the 
magnetograph, to be intercepted by the optics of the correlation tracker 
(not shown in Fig. 1) which is used for image stabilization. The original 
polarizing optics consisted of two KD*P (potassium dideuterium phosphate) 
crystals, and a MgF (magnesium fluoride) crystal which was used to extend 
the acceptance angle of the two KD*P crystals. The Zeiss birefringent 
filter has a 0.122 A bandwidth centered on the Fel 5250.22 A spectral line; 
the filter can be tuned +_ 8.0 A in steps of 0.010 A. The detector for the 
original system was a SEC (secondary electron conduction) vidicon tube 
(Westinghouse WL 31439) with a fiber optics faceplate; the magnetically- 
deflected read beam scanned the SEC target in 128 discrete horizontal steps 
along 128 discrete lines. 

SEC vidicons were state-of-the-art systems when the MSFC magnetograph 
was designed over a decade ago, but their sensitivity is limited in 
comparison with today's solid state detector devices. To take advantage of 
advances in detector technology, one modification undertaken to upgrade the 
performance of the MSFC magnetograph was replacement of the SEC vidicon with 
a CCD (charge-coupled device) camera. At the same time, it was recognized 
that the benefit of an improved detector would be compromised unless 
improvements were made in the polarimeter of the magnetograph to increase 
its sensitivity to a level comparable to the enhanced sensitivity of the new 
detector. To this end, the upgrading program for the MSFC magnetograph 
combined the design and installation of both a CCD camera and a new 
polarimeter to achieve sufficient sensitivity to detect weaker vector fields 
outside of sunspots and to obtain useful vector magnetograms at a rapid 
cadence . 

2. The New Polarimeter 

The primary limitation on the sensitivity of the original polarimeter 
was the occurrence of field-of-view errors [3] introduced by the two KD*P 
crystals which were used as variable-retardance waveplates. These errors 
are a consequence of the inherent birefringence of a KD*P crystal, and they 
result in undesirable variations over the field-of-view in the retardation 
induced by the KD*P. For a polarimeter using two KD*P crystals in sequence, 
the problem is exacerbated, with resulting errors in retardation of up to 
25% over a 5.7 arc min field-of-view. In the new polarimeter, one of the 
— two KD*P-'-s i n -the pol ar-izing optics— is replaced by a rotating wheel assembly 
which allows three non-bi refringent waveplates mounted on the wheel to be 
inserted sequentially into the beam; this assembly is depicted in the 
schematic drawing shown in Fig. 2. Accurate positioning of the waveplates 
in the optical path of the magnetograph is controlled electronically: a 
light-emitting diode (LED) and detector are positioned on either side of the 
wheel which has small holes precisely located so that a waveplate is in 
position when the LED source is detected through the corresponding aperture. 
The three plates are: a single glass window and two quarter-wavepl ates with 
their fast axes oriented +22%° with respect to the analyzer. The other part 
of the new polarimeter, consisting of a single KD*P and a MgF correction 
plate, is mounted in a unique clam-shell holder that was specially designed 
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at MSFC for this purpose. This assembly is located directly behind the 
rotating waveplate wheel as shown in Fig. 2. Successive rotation of the 
three waveplates into the solar beam and electro-optical modulation of this 
KD*P allow the polarization analysis originally performed with two modulated 
KD*P crystals to be duplicated exactly by this system. The MgF correction 
plate is used to reduce the field-of-view errors introduced by the bire- 
fringence of the remaining KD*P crystal. This unique correction plate is 
the result of research performed at MSFC by E. A. West [3], and its use 
significantly decreases field-of-view errors. 

The new polari meter can be seen in the photograph. Fig. 3, which shows 
the optics box of the new magnetograph. The polarimeter is located just to 
the right of center of the box; it consists of the wheel assembly and KD*P 
modulator, as indicated on the figure, and the polarimeter motor and 
electronics in the lower right corner. The solar beam from the telescope 
enters the optical train of the magnetograph through the opening in the 
optics box at its right end. 

Tests conducted with the new polarimeter indicate that it is 
significantly more sensitive than the one previously used. As noted above, 
the primary limitations on sensitivity are the field-of-view errors 
introduced by the KD*P that result in variations in retardation over the 
field-of-view. In tests to determine the level of these variations, known 
states of linear polarization were introduced into the optical light path 
and the resulting intensities were recorded and analyzed. In these tests, 
areas from the center and the left corner of the field-of-view were used to 
calculate measured percent polarizations. Since there should be no 
variation in percent polarization over the field in an ideal polarimeter, 
differences in polarization between these two areas were interpreted as 
variations in retardation. The results of the tests are shown in Table I. 
Even the worst case of a 4° grror in retardation is well below the 
theoretical prediction of 10° for a similar optical configuration of a 
single KD*P. This result is taken to prove the effectiveness of this 
polari metric design. 

3. The CCD Camera System 

Preliminary studies assessing recent advancements in detector 
technology indicated that a CCD device possessed the required signal - 
to-noise ratio ( S/N ) , dynamic range, sensitivity, and uniformity to make it 
suited for application as the detector for the magnetograph. However, a 
typical CCD camera operates in a continuous-scan mode at a fixed frequency. 
This meant that modifications would have to be made to operate such a camera 
in the unconventional mode required by the magnetograph system, where the 
camera exposures must be synchronized with the electrical switching of the 
KD*P. The necessary modification required interruption of the exposure of 
the CCD array during the time interval when the KD*P is switched; this has 
been accomplished by using an electro-optical shutter synchronized with the 
CCD camera control system. 

The CCD sensor and associated camera and control system were purchased 
as a unit from Photometries, Ltd., who designed and manufactured the camera. 
The sensor chip is an RCA SID 53612, which is a thinned, glass-laminated, 
all-buried channel CCD with 320x512 pixel elements; the CCD. is fabricated 
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for backside illumination. Of the 320x512 pixels, an array of 256x256 is 
used for the actual imaging section, while the remaining section is used for 
temporary storage of data from the imaging array. The pixel transfer rate 
from the imaging to storage section is 256 kHz, or 4 n sec, for each line of 
256 pixels. For the 256 lines of the image array, this results in a total 
transfer time of 0.001s. 

The control system for the CCD camera is quite versatile, incorporating 
several features designed specifically for the MSFC magnetograph. One of 
these features is a "binning" capability whereby the signals of adjacent 
pixels can be binned or combined to form a "super-pixel," resulting in a S/N 
of the super-pixel which is enhanced with respect to the S/N of a single 
pixel. In the usual mode of operation of the magnetograph, a 2x2 binning 
process is used which results in a 128x128 data array with 2.7 arc second 
pixel size. The camera employs correlated double- sampl i ng of pixels to 
eliminate gate noise. The read-out rate from the storage array is 6.3u s 
per "binned" pixel; this results in a total read-out time of 0.1s for the 
128x128 array. The quoted quantum efficiency for the RCA chip is 80 % at the 
wavelength at which the magnetograph is operated (5250 A). To decrease 
noise, the CCD chip is cooled by a thermo-electric cooler which keeps the 
operational temperature of the CCD at ** 40 C below ambient temperature. In 
Fig. 3 the CCD camera and the electro-optical (KD*P) shutter assembly can be 
seen in the left portion of the photograph. 

Data from the 12-bit analog-to-digital (A/D) converter of the CCD 
camera system go directly into a high-speed adder and microprocessor system 
containing two 128xl28x22-bi t memories for the storage of sums of 128x128x12 
bit CCD data. Using these two memories, two polarized image arrays can be 
temporarily stored and "enhanced" by the successive adding of similarly- 
polarized images; this enhancement process results in an increased signal - 
to-noise ratio for the data. The microprocessor controls all operations of 
the CCD camera, shutter, and other components of the magnetograph. The 
microprocessor is itself controlled via a programmable minicomputer data 
system consisting of a POP 11-23 computer with a 512 kilobyte memory, 
control terminals, color-graphics display monitor, line printer, two (150 
and 300 megabyte) disk systems, and tape recorder. This data system's 
software provides all of the necessary commands to operate the magnetograph 
and acquire data, as well as to display analog or processed images, store 
information on disk, perform data analyses with graphics display and 
hardcopy output, and transfer data to magnetic tape for permanent storage. 

4. The Integrated System 


The newly-upgraded MSFC vector magnetograph, with refurbished telescope 
mirrors and optics box, was reinstalled at the observing site in May 1983. 
The complete integrated system is shown in the schematic drawing of Fig. 4. 
In Fig. 5, the layout of the optics box is shown in more detail, indicating 
the components developed in these Discretionary Fund programs; the actual 
hardware can be seen in Fig. 3. The complex interfaces among the mag- 
netograph components, CCD camera, interface controller, and the computer 
system which controls and operates the system are shown schematically in 
Fig. 6. The control and operation of these systems are performed via the 
POP 11-23 computer system; some of the computer programs which have been 
developed for this purpose are designated in Fig. 7. 
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Testing and operational verification of the new CCD camera have been 
performed since the new magnetograph was placed back at the observing site. 
Major emphasis has been placed on tests of sensitivity, linearity, S/N, lag, 
and fringing effects; results of these tests are described in the following 
paragraphs . 

Sensitivity: The CCD camera as presently configured operates at a speed 
of 0.1s per exposure; this speed is determined by the camera read-out time 
rather than the exposure time. Tests performed on clear observing days when 
the Earth's atmosphere exhibits good transparency indicate that the CCD is 
sufficiently sensitive that saturation is achieved in exposure times shorter 
than 0.1s, with 0.06s exposures being typical. These results will allow us 
to redesign the CCD camera to operate at higher read-out speeds more 
compatible with the shorter exposure times. Currently the present system 
allows a complete vector magnetogram, enhanced 255 times, to be obtained in 
approximately 3.3m with a formal S/N of about 10 . With the original system, 
a vector magnetogram similarly enhanced was obtained in 3.3m also, but with 
a S/N of only 10 ^; to obtain a S/N of 10 4 , approximately 10 4 enhancements 
would have been required with an increase in cycle time by a factor of about 
40. Conversely, the new magnetograph can achieve the maximum S/N of the 
previous system (103) in approximately l/30th the time («7s). 

Linearity: Results of tests for linearity of response for the CCD 
sensor are given in Fig. 8 which shows measured CCD signal versus camera 
exposure time for an unchanging, artificial light source. The measured 
signal is given as a percent of full scale, where full scale refers to the 
maximum number of counts that can be recorded with the 12 bits (4096) of the 
CCD's A/D converter. 

S/N: Signal -to-noise analyses were performed using two identically- 

illuminated images together with a zero-signal image. The results given in 
Table II indicate that at a nominal illumination level of 80%, the expected 
S/N for a single, unenhanced intensity image will be «*870; this is over an 
order of magnitude better than the measured S/N of the original system with 
the SEC vidicon, a value determined to be «70. 

Lag: Measurements of signal retention by the CCD sensor show that 

approximately 0% of a previous image contributes to the read-out of a 
successive image. 

Fringing: Fringe patterns can definitely be seen in intensity images 

obtained with the new camera system; these are interference patterns that 
result when a CCD is illuminated with monochromatic light. Thinned, 
glass-laminated CCD sensors exhibit at least- two major interference effects 
in the thin (10 micron) silicon and in the glass. In a joint project 
between Kitt Peak National Observatory and Photometries, Ltd., tests were 
made to measure the amplitude of fringing as a function of wavelength and to 
determine how efficiently a glass wedge inserted in the beam reduces the 
fringing. Results from these tests are summarized in Table III; they show 
that for wavelengths near that of the magnetograph's Zeiss filter (5250.22 
A), use of a wedge is essential, reducing as it does the peak-to-peak 
fringing modulation from 16% to 3%. We have acquired a glass wedge and plan 
to install it on the face of the CCD sensor as soon as tests are completed 
on techniques for removal of fringe patterns by photometric calibrations. 
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5. Performance of the New MSFC Magnetograph 

Analyses of initial data obtained from observations of several sunspots 
and quiet solar areas show that the newly-upgraded magnetograph possesses 
far greater sensitivity than the previous system, detecting weak (1-2 G) 
fields in the line-of-sight component which were not previously observable. 

In Fig. 9, this increased sensitivity is explicitly evident in comparisons 
of 1 ine-of-sight magnetograms taken with different S/N levels (enhancements) 
for a complex sunspot group observed on August 2, 1983. The sunspots are 
shown in the "Intensity" frame at the lower right; indications of fringe 
patterns are visible in the lower right section of this intensity map. The 
two upper frames are the line-of-sight magnetic fields of these sunspots for 
two different S/N levels (theoretical): on the left, for "1024 enhance- 
ments ,' ! a S/N of »2xlCr; on the right, "256 enhancements, " a S/N of 
«lxl(r . The line-of-sight field in the lower left frame represents the 
field as measured with the original MSFC magnetograph that had, at best, a 
S/N of 1x10 . Comparisons of this latter frame with the upper ones indicate 
the enhanced sensitivity of the new system. 

Versatility was another goal in this project. An aspect of this is 
shown in Fig. 10, which indicates the capability of nearly real-time data 
analysis and display on the Ramtek color-graphics terminal which is part of 
the data system. After obtaining raw observational data, displays such as 
this can be generated within minutes to show the 1 ine-of-sight magnetic 
field (upper left), transverse field (upper right), total field magnitude 
(middle left), angle of the field vector to the line-of-sight (middle 
right), and sunspot intensity (lower left). Such displays are useful, too, 
in comparing observations at different times, as in Fig. 11, which shows 
measurements of the vector magnetic field before and after a solar flare. 

The upper panels display the line-of-sight field component (left panel), the 
transverse component (middle), and sunspot intensities (right panel) as they 
were observed before the flare. The lower panels show the observed field 
and sunspots after the solar flare. The flare occurred near the sunspot 
which is in the center of the squares outlined on the line-of-sight fields. 
Such side-by-side displays, which could not be obtained with the old 
magnetograph system, are another facet of the versatility of the upgraded 
magnetograph . 

The new data system now provides for enhanced capabilties in data 
analysis, allowing for the combination of color-graphic displays with 
contour drawings and line segments to depict field directions. In Figs. 12 
and 13, data for the flare mentioned above have been manipulated to display 

t h e _c om plete ve c to rfie 1 d: theJl.ine-of- sight components srepresentedby 

the colors (red and blue being positive and negative polarities, respec- 
tively), while the transverse component is represented in magnitude and 
direction by the length and orientation of the line segments. Figs. 12 and 
13 represent the magnetic fields before and after the flare, respectively; 
the fiel d-of-view of these figures corresponds to the outlined areas of 
Figure 11. Comparison of these kinds of data for solar flares can provide 
valuable documentation on changes in the vector field which occur during a 
fl are . 
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Summary: 

At the completion of this Discretionary Fund Program, we have developed 
a solar vector magnetograph with the capability of detecting 1-2 6 fields in 
the line-of-sight component, approximately an order of magnitude better than 
the original system. Although final tests of the sensitivity in the 
transverse component are still in progress, we expect similar results there, 
also. As a result, the Marshall Center now has in operation a highly 
sensitive and versatile vector magnetograph for our continued research in 
solar-terrestrial physics and to support future NASA solar missions. 
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TABLE I 


Retardation Errors Over the Fiel d-of-View 


Retardation 

Center Area Left Corner 

Error in Retardation 

89.576° 

86.916° 

2.66° 

90.132° 

87.478° 

2.65° 

88.848° 

91.530° 

-2.68° 

93.629° 

89.845° 

3.78° 




Table II 


S/N Tests With Solar 

Source 

Illumination Level 
(% of Saturation) 

S/N : 

92 

918 

82 

869 

79 

869 

74 

845 

68 

756 

63 

759 

60 

764 

52 

706 

43 

649 

42 

642 


*Defined as number of A/D counts (S) divided by /S. 



Table III 


Measurements of Fringing in a 
Thinned Glass-Laminated CCD 



Peak-to-Peak 

Fringing Modulation 

Wavelength 

No Wedge 

With Wedge 

4500A 

3% 

2% 

0 

5600A 

16% 

3% 

0 

7500A 

30% 

12% 
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Figure 1: Schematic diagram of the optical system of the original MSFC vector magnetograph 



Figure 2 


NEW POLARIMETER FOR MSFC VECTOR MAGNETOGRAPH 
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Figure 3: Photograph of the new optics box (without the Zeiss filter) 
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Figure 4: Schematic depiction of the new system. Light from the telescope enters the optics box containing 
the new polarimeter and CCD camera. 









MODIFICATIONS TO MAGNETOGRAPH OPTICS BOX 


gure 5: Schematic configuration of the new optics box. 
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Figure 6: Diagram of the complex interfaces between the new control system and the maqnetograph 












































SYSTEM OPERATIONAL PROGRAMS 
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Figure 7: Computer programs developed for control and operation of the new magnetograph. 

























LINEARITY TEST: MEASURED CCD SIGNAL VERSUS EXPOSURE TIME 



Figure 8: Results of linearity tests. The measured siqnal level, expressed as a percent of 

full-scale signal, is shown to be a linear function of illumination incident on the 
CCD detector as measured by the exposure time of the detector. 




Figure 9: Initial magnetic field data indicating the sensitivity of the new magnetooraph . 

The two upper frames portray the 1 ine-of -sight magnetic fields of the sunspot 
group shown in the lower right frame; fields of 2 gauss are discernible. The 
lower left frame shows this 1 ine-of-sight field as measured with the oriqinal 
system; the sensitivity is about 15 gauss. 





Figure 10: Display of the vector 





magnetic field of a sunspot group. 
Upper left: 1 ine-of-sight field 

(red denotes positive polarity; 
blue, negative); upper right: 
field transverse to the 1 ine-of- 
sight (red denotes the stronger 
fields); left middle: total vector 



magnitude; right middle: angle of 

the field vector to the 1 ine-of- 
sight; lower frame: the sunspots 

(blue denotes the darker intensity 
within the spots). 




Figure 11: Vector field of a sunspot group before and after a solar flare. The top panels, left to 

right, represent the 1 ine-of-sight field, transverse field and sunspot intensities observed 
prior to a solar flare. The lower panels show the same field components observed after 
the flare occurred near the sunspot to the left of center. The outlined squares indicate 
enlarged areas shown in Figures 12 and 13. The field-of-view of each panel is 5. 7x5. 7 
arc minutes. 
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Figure 12: Vector magnetic field before the flare of August 13, 1983. The field-of-view 

displayed is the area outlined in Figure 11, centered on the flaring region. 





Figure 13: Vector magnetic field after the flare of August 13, 1983. The field-of-view again 

corresponds to the outlined area in Figure 11 where the flare occurred. 
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